Although the composition of the gut microbiota and its symbiotic contribution to key host physiological functions are well established, little is known as yet about the bacterial factors that account for this symbiosis. We selected Lactobacillus casei as a model microorganism to proceed to genomewide identification of the functions required for a symbiont to establish colonization in the gut. As a result of our recent development of a transposonmutagenesis tool that overcomes the barrier that had prevented L. casei random mutagenesis, we developed a signature-tagged mutagenesis approach combining whole-genome reverse genetics using a set of tagged transposons and in vivo screening using the rabbit ligated ileal loop model. After sequencing transposon insertion sites in 9,250 random mutants, we assembled a library of 1,110 independent mutants, all disrupted in a different gene, that provides a representative view of the L. casei genome. By determining the relative quantity of each of the 1,110 mutants before and after the in vivo challenge, we identified a core of 47 L. casei genes necessary for its establishment in the gut. They are involved in housekeeping functions, metabolism (sugar, amino acids), cell wall biogenesis, and adaptation to environment. Hence we provide what is, to our knowledge, the first global functional genomics analysis of L. casei symbiosis.
Although the composition of the gut microbiota and its symbiotic contribution to key host physiological functions are well established, little is known as yet about the bacterial factors that account for this symbiosis. We selected Lactobacillus casei as a model microorganism to proceed to genomewide identification of the functions required for a symbiont to establish colonization in the gut. As a result of our recent development of a transposonmutagenesis tool that overcomes the barrier that had prevented L. casei random mutagenesis, we developed a signature-tagged mutagenesis approach combining whole-genome reverse genetics using a set of tagged transposons and in vivo screening using the rabbit ligated ileal loop model. After sequencing transposon insertion sites in 9,250 random mutants, we assembled a library of 1,110 independent mutants, all disrupted in a different gene, that provides a representative view of the L. casei genome. By determining the relative quantity of each of the 1,110 mutants before and after the in vivo challenge, we identified a core of 47 L. casei genes necessary for its establishment in the gut. They are involved in housekeeping functions, metabolism (sugar, amino acids), cell wall biogenesis, and adaptation to environment. Hence we provide what is, to our knowledge, the first global functional genomics analysis of L. casei symbiosis.
commensalism | Lactic acid bacteria T he pioneering studies that led to the characterization of the gut microbiota were reviewed in 2001 (1) . These studies and recent investigations have revealed mutualistic functions (2), including a barrier effect against allogenic microbes (3), fermentation of complex sugars (4, 5) , and maturation and homeostasis of the immune system (6) . Recent metagenomic studies have revealed an extraordinary diversity of genes constituting the gut microbiome (7) , opening the way to correlative studies linking microbiome diversity, homeostasis, and diseases (5, 8, 9) .
In parallel, some representative species, i.e., "model symbionts," now are being studied functionally (10) . As it was done for pathogens, it is essential to develop the cellular microbiology of symbionts and particularly to identify the genes required for their establishment and persistence in the gut. Transcriptomic profiling identified up-regulated genes linked to metabolic functions, stress responses, and pili synthesis during early colonization (11) (12) (13) . Comparative genomics among Lactobacilli identified strain-specific candidate genes for extended colonization: In Lactobacillus rhamnosus, persistence was attributed to an spaCBA locus encoding LPXTG-like pilins (14) , and in Lactobacillus johnsonii it was attributed to specific glycosyltransferases, a phosphotransfer system, and a protease (15) . Otherwise, a functional in vivo screening based on the expression of a genomic library of Bacteroides fragilis identified a locus encoding polysaccharide utilization as essential for stable colonization of murine colonic crypts (16) . Alternatively, colonization of germ-free mice with a collection of random mutants of Bacteroides thetaiotaomicron followed by deep sequencing showed that mutants unable to synthesize vitamin B12 were impaired in gut colonization (17) .
Lactobacillus spp. pioneer initial gut colonization (18) , and they participate in the gut immunological and nutritional symbiosis. Because of our permanent exposure to Lactobacillus spp., and particularly to Lactobacillus casei, as components of dairy products, tools are required to decipher its symbiosis with the gut. Genetic manipulation of lactic bacteria often is problematic because of their natural resistance to numerous antibiotics and the lack of dedicated genetic tools and efficient transformation procedures (19) . We recently developed a transposon-mutagenesis tool, the P junc -TpaseIS 1223 system (20) , which overcomes the barrier to random mutagenesis in Lactobacillus casei. Using this tool, we adapted a signature-tagged mutagenesis (STM) approach (21) to L. casei that combined whole-genome reverse genetics using a set of tagged transposons with an in vivo screening in the rabbit ligated ileal loop model identifying mutants impaired in gut establishment. The term "establishment" qualifies the early steps of colonization explored by this model. After sequencing the 1,110 independent mutants obtained in this study, we identified a core of 47 L. casei genes belonging to five major functional groups that are required for its establishment in the gut.
Results
Generation of a Library of L. casei Tagged Mutants. To generate a large library of L. casei tagged mutants and to proceed to STM, tagged derivatives of the P junc -TpaseIS 1223 transposable vector were generated using 70 DNA tags previously used for Salmonella typhimurium STM (21) . For each tag, among the ∼5,000 integrants obtained per transformation, clones were selected randomly and assembled in 96-well plates. Thus, a library of 9,250 tagged mutants labeled with 70 different tags was generated. To extend the contribution of STM, we introduced real-time PCR, rather than dot-blot analysis, to allow relative quantification of bacteria in addition to their detection.
Significance
Lactobacillus casei, a food bacterium recognized for its beneficial effects, was selected as a model microorganism to proceed to genomewide identification of the functions required for a symbiont to establish colonization in the gut. We recently have developed a mutagenesis tool that overcomes the barrier that prevented L. casei random mutagenesis. After identifying 9,250 mutations, we assembled a library of 1,110 mutants disrupted in different genes and tested them for their ability to colonize an in vivo model, the rabbit ligated ileal loop. With this global functional genomic analysis of L. casei symbiosis (the first, to our knowledge), we identified a core of 47 L. casei genes necessary for its establishment in the gut.
Analysis and Assembly of a Library of L. casei Tagged Mutants. Based on an initial screening showing that the intergenic regions contributed very little to gut establishment (SI Text), we focused on mutants in genes. Hence, we sequenced the transposon target in each mutant before in vivo screening (i.e., 9,250 mutants). Among the 8,053 readable sequences (87% of the total), 3,037 (37%) indicated that transposon integration occurred in a gene (2, 787 integrations into the chromosome and 250 into the plasmid) (Fig. 1A) . In most cases, when several mutations were found in the same gene, the sites of transposon insertion differed (84.5% of insertions in genes occurred in unique sites), and we selected one representative mutant. Mutations in intergenic regions (IGR) tended to occur in palindromic regions surrounding endogenous transposase genes (32.4% of the insertions in IGRs occurred in unique sites). In summary, our library of tagged L. casei tagged mutants 1,096 mutants in distinct chromosomal genes and 14 mutants in distinct plasmid genes. Characterizing and assembling this library considerably reduced the number of mutants to be screened. The mutations appear to be evenly distributed throughout the genome (Fig. 1A) . Overall, the proportion of the functional groups in the library is similar to their proportion in the genome (Fig. 1B) . However, the proportion of genes encoding translation-related functions [with the COG letter (J)] is lower in the library, likely because of the high number of essential genes related to protein synthesis (22) . Because most bacterial genes are organized in operons [1.5 genes per transcription unit predicted for L. casei, according to genome analysis using the Biocyc website (23) ], transposon integration can cause a polar effect; thus the location of each gene of interest in a given operon is specified. The rabbit ligated ileal loop model allowed the screening of a large number of Shigella mutants in competitive pools in the gut (24) (25) (26) , and it explores the ileal conditions in which L. casei has been shown to persist in an active physiological state (27) .
Twenty-two pools containing 25-70 differently tagged mutants were organized from the library of 1,110 discrete mutants (Fig.  2) . The pools then were challenged in rabbit ligated ileal loops (5.10 7 cfu per loop) for 16 h (Fig. 2 ). Each pool was tested twice in different rabbits. The ratio of each mutant to the whole pool was determined using tags for the injected and the recovered pools (Fig. 2) . Based on the observed variation of mutant quantities in a pool, we considered a threefold difference in quantity between the injection and recovery pools a relevant threshold (SI Text and Fig. S1 ). Sixty-nine mutants were selected at this step because their quantity decreased at least threefold in two rabbits. We identified the mutants that were exclusively altered in vivo and did not show a growth defect in vitro by comparing the colony size and the turbidity of cultures at stationary phase in MRS medium of the mutants and the wild-type strain (Table S1 ). This comparison allowed us to eliminate six mutants (i.e., LSEI_0281, 1278, 1468, 1565, and 1566). To eliminate growth biases linked to pool composition, the resulting 63 mutants were reassembled to create five new pools. Each pool was composed of 12 or 13 mutants being retested and 12 mutants picked randomly from the IGR library. A ratio of one mutant to 70 competitors was maintained. The in vivo challenge and the quantification methods were identical to those used in the first round, except that, to eliminate false positives caused by growth deficiencies on plates, the injected pool was quantified from colonies obtained by plating.
This scheme of selection identified 47 mutants of L. casei (4% of the screened genes) that were altered in their capacities of establishment in the gut ( Mutant Analysis. Housekeeping functions. Our screening identified several housekeeping genes that are likely to help maintain physiological parameters during the changes to which bacteria are suddenly exposed in the in vivo environment (Table 1 and Fig. 3 ): LSEI_0757 and 1539 (nucleotide metabolism), LSEI_1615 and 1488 (DNA replication), LSEI_1668 (transcription), LSEI_1656 (translation), and LSEI_1274 (possibly implicated in cell division). We also identified the RecG family helicase RecG (LSEI_1615) and DinG (LSEI_1488), primarily involved in DNA replication and possibly in DNA repair (28) . Mutations in this category Fig. 3 . Main L. casei genes for basal metabolism, environmental adaptation, defense mechanisms, cell surface, transport and their role in L. casei establishment in the gut. Genes needed for gut persistence are red letters; genes not needed are in green letters; and genes for which no mutant was found in the library (genes not tested) are in black letters. of genes, although not affecting bacterial viability in vitro, are likely to affect the bacterial physiology to a point that is incompatible with survival in the harsh conditions imposed by the in vivo environment. Our screening identified only one general stress protein: LSEI_1313, a membrane GTPase. Other general stress-response genes such as ClpL (LSEI_2048) and ClpC (LSEI_2517) that encode proteases appeared to be dispensable (Fig. 3) . Mutants for GroES, GroEL, and the three heat-shock proteins present in the L. casei genome were not available; their deletion probably is lethal. Also, enzymes implicated in the maintenance of bacterial redox homeostasis (glutathione peroxidase, glutathione reductase, and thioreductase; Table S2 ) as well as the redox-sensing transcriptional regulator Rex (LSEI_2245) were not needed for gut establishment, although LSEI_2245 was up-regulated in the presence of bile (29) . Otherwise, bacteriocin production (LSEI_2374-2384, four mutants) is not essential during this step of establishment. Biogenesis of the cell wall. Cell wall-associated proteins have been favorite targets in Lactobacillus-host interactions (30) (Table S2) . Nevertheless, other mutants in the input pool could compensate for this loss of function. Four hypothetical proteins displaying a transmembrane domain were identified as essential for establishment, and three of these, LSEI_0806, 1461, and 2553, are specific to the L. casei-L. rhamnosus group.
Cell-surface-related genes identified in our screening are summarized in Fig. 3 . Genes of the dlt operon (LSEI_0793-0797) implicated in lipoteichoic acid biosynthesis and the polysaccharide transporters LSEI_0238 and LSEI_2546 that are responsible for the export of lipoteichoic acid are needed for gut establishment. Even the LSEI_0247 regulator, which belongs to the LytR-Cps2A-Psr (LCP) family and is described as a cell-enveloperelated transcriptional attenuator, is needed. In Bacillus subtilis, LCP molecules are required for transport of teichoic acids and capsular polysaccharides to the cell wall peptidoglycan (31) . No mutant is available LSEI_0885, in the third gene predicted to be involved in teichoic acid export. A mature cell wall, particularly proper biosynthesis and branching of the lipoteichoic acid, is a crucial element during L. casei establishment in the gut. This result is consistent with another contribution (32) , which showed that a Lactobacillus reuteri dltA mutant was not competitive when newly introduced in the gastrointestinal tract of previously Lactobacillus-free mice. Our screening also reports the importance of one penicillin-binding protein (PBP): LSEI_0221, a D-alanyl-Dalanine carboxypeptidase that removes the last amino acid of the peptide bridge allowing the transpeptidation between two strands of peptidoglycan, is essential for gut establishment. Its upstream genes LSEI_0219 and 0220, encoding a two-component system (TCS) that may regulate its transcription, are necessary also. The five other mutagenized PBPs did not appear to be necessary for gut establishment (Fig. 3 and Table S2 ). Carbohydrate metabolism. Carbohydrate metabolism and energy production are one of the main functional groups required for gut establishment of L. casei in this study. Two genes encoding key enzymes of the energy-producing heterolactic fermentation pathway appear crucial: a phosphoketolase (LSEI_0174) and a lactate dehydrogenase (LSEI_2549, ldh1) (Fig. 4) . L. casei possesses five lactate dehydrogenase genes, four of which were mutated. LSEI_2549 (ldh1) is the main L-lactate dehydrogenase and is the only one whose disruption led to a significant (25%) decrease in lactate production during growth in vitro (33) and to the synthesis of unusual end-fermentation products such as mannitol, acetoin, and ethanol (34) . Thus, a complete and less efficient reorganization of sugar metabolism should strongly impact the adaptation of L. casei in the gut lumen, where the concentration and variety of sugars is limited. Conversely, the pyruvate kinase, which is a key enzyme in sugar metabolism, is dispensable for establishment, indicating that L. casei can bypass this step, probably by synthesizing oxaloacetate as an intermediate between phosphoenolpyruvate and pyruvate (LSEI_1820 and then LSEI_1855) (Table S2) .
LSEI_0681, a regulator of lactose or mannose/fructose metabolism of the DeoR repressor family, is needed for L. casei establishment (Fig. 5) . According to LSEI_0681's predicted function, its inactivation could up-regulate lactose and tagatose metabolic pathways (Fig. 5) , thereby globally deregulating sugar metabolism. Another consequence could be the extinction of this pathway, because deoR is the first gene of the operon (Fig. 5) .
Two transporters involved in energy production are required for establishment: an ATP-binding cassette (ABC)-type Na + efflux pump (LSEI_1000, a permease component) and a phosphotransferase system (the ptsI kinase, LSEI_1759, which acts with the phosphocarrier HPr, LSEI_1760; no mutant available) as an energy coupling protein. The ptsI-deficient mutant of L. casei BL23 is unable to ferment a large number of carbohydrates (35) . Amino acid metabolism. The synthesis of cysteine and asparagine appears to be essential for gut establishment, because mutants LSEI_0479, 0480, and 2162 show a deficient phenotype. These genes not needed are in green letters; and genes for which no mutant was found in the library (genes not tested) in black letters. Metabolic pathways were annotated using Kyoto Eencyclopedia of Genes and Genome analysis (72) .
amino acids may be a strong limiting factor in the ileal milieu. The L. casei ATCC334 strain can complete only the last step of cysteine synthesis; hence it is auxotrophic for this amino acid. Conversely, mutations in genes for tryptophane, alanine, and threonine synthesis did not affect establishment ( Fig. 6 and Table S2 ). The cysteine synthase activity of the enzyme encoded by LSEI_0480 was demonstrated experimentally (36) . Because LSEI_0479 and 0480 form an operon (Fig. 6 ), the phenotype of the LSEI_0479 mutant could stem from an alteration of LSEI_0480 transcription alone.
As do all the Lactobacillus species, L. casei shows numerous auxotrophies for amino acids which would be unfavorable in competitive environments. However, this deficiency is compensated by a large set of peptidases (27 genes) and ABC transporters predicted to transport amino acids or oligopeptides (37) . Among the 15 mutated peptidase/protease genes, LSEI_1810, a dipeptidase predicted to be secreted, is needed for establishment. It may have a high affinity for peptides containing limiting amino acids, such as cysteine and asparagine. Also two ABC transporters predicted to transport peptides, LSEI_0242-0243 and LSEI_1738-1739, are needed and could compensate auxotrophies (Fig. 3) . Environmental adaptation. Optimal bacterial adaptation to an environment is strongly associated with the expression of a series of sensors/regulators (38, 39) . The L. casei genome contains 16 complete TCS and 124 transcriptional regulators contributing to its ability to sense and adapt to various environments (37) . Among the 10 mutated TCS (a mutant of at least one of the two genes was available in our library) (Table S2) , only the LSEI_0219-0220 TCS, in the same genetic locus as a PBP gene, was needed for gut establishment, reinforcing the importance of the cell wall biogenesis in the ileal context.
Three transcriptional regulators among the 50 whose genes were mutagenized appeared to be required for optimal establishment of L. casei (Table S2) , or Mn 2+ ) or hydrogen peroxide. Otherwise, regularly clustered, interspaced, short palindromic repeats (CRISPR)-Cas genes were reported to regulate gene expression during host-bacteria interaction (40) . In this screening, the CRISPR-Cas locus (LSEI_0349-0356) is dispensable (two mutants were available). Among the six endonucleases of the genome, only one gene, LSEI_1790, was needed, in contrast to the two genes needed in the type I restriction modification system (LSEI_2094-2095, a mutant available for each gene) ( Table S2 ). The L. casei genome encodes 105 transposases and 13 recombinases, but only one recombinase (LSEI_1403) was needed for gut establishment. This recombinase could support genetic adaptation to the gut, as shown in Bacillus fragilis in which recombinases modulate its surface in the gut (41) . Moreover, a single point mutation in the EnvZ/OmpR two-component system affects the expression of more than 100 genes in Escherichia coli (42) .
Discussion
Here we report the first, to our knowledge, functional genomewide study of L. casei establishment in the gut. It was made possible by a technological breakthrough that allows transposonbased mutagenesis in this species (20) . This approach was combined with differential tagging of the transposon, allowing the assembly of mutant pools that then could be challenged in vivo, according to the STM technique that allows the identification of loss-of-function mutants (43, 44) . We sequenced the entire set of 9,250 mutants obtained in this study and assembled a library of 1,110 unique mutants in which the tagged transposon had integrated into a discrete gene. Considering that L. casei is expected to encode 2,929 genes (45) , with a putative set of at least 400 essential genes (46, 47) , one can consider that more than half of the genome was mutagenized. Because transposon insertions could have polar effect, one can safely state that nearly all the nonvital L. casei functions have been affected.
Our random mutagenesis method focused on identifying the genes necessary for bacterial establishment in the gut regardless the modulation of their in vivo expression, unlike global in vivo transcriptomics [e.g., in vivo expression technology (IVET) or recombination based in vivo expression technology (RIVET)] (11-13). Alternative approaches may call for (i) shotgun cloning of L. casei genome fragments into another bacterial species, its success depending upon the basal level of gut establishment of the recipient and the quality of heterospecific gene expression; or (ii) for comparative genomics when the studied strains are phylogenetically close and characterized according to their gut establishment. These approaches identified important genetic loci (14-16) but, unlike random mutagenesis, do not offer an exhaustive genomewide analysis search as does STM. Truly alternative approaches are based on quantification by massive deep sequencing of inoculated pools of thousands of different mutants grown together (17, 48) . However, we favored STM followed by mutant quantification using DNA tags. Even though the generation of the mutant library was more labor intensive, it offered significant advantages for our experimental purpose: Mutants were grown individually; pools could be assembled extemporaneously; and limiting the pool size allowed a screening model in which the mutants could be exhaustively recovered. Moreover, because of the identification of mutations, mutants now are individually available for dedicated screenings, and the pools also can be assembled differently for other types of studies. Our first aim was to investigate the functional genomics of the gut-colonization capacity of L. casei. We could not carry out long-term colonization experiments in the mouse intestine because the level of colonization following intragastric administration was insufficient to allow the reliable tracking of each individual mutant composing the injected pool. As an alternative, we validated the rabbit ligated ileal loop model that has been shown to be well adapted to STM screening in Shigella (24) (25) (26) . Because colonization of ligated loops cannot be carried out for more than 16 h, this assay explores the initial survival of mutants to gut luminal conditions and their early steps of colonization, hence the term "establishment."
Sensing/Exchange with Environment. To adapt to ileal conditions, L. casei must sense environmental changes to protect itself from toxic compounds while maintaining a functional import of nutrients. Alteration of the cell wall structure may decrease the bacteria's sensing of its environment and resistance to the environment's harsh components (49) . The consequences may encompass an increase in cellular permeability to environmental compounds and to protons (50), a decrease in resistance to autolysis (32) , and a modification of surface properties and hence an enhanced susceptibility to bacteriocins and antimicrobial peptides. Also, some ABC transporters can be involved in resistance to antimicrobial or peptides by excluding these compounds. In fact, ABC transporters, in coordination with a TCS, were shown to be involved in resistance to antimicrobial peptides (51) . Also, the mutant in LSEI_0394, a gene encoding a regulator
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of the AcrR family that is located in an operon encoding an ABC transporter (LSEI_0395-0396) is impaired in its capacity of establishment, whereas the disruption of this transporter had no impact on gut establishment. It is likely that LSEI_0394 encodes a repressor of this transporter, as is the case for AcrR in E. coli on the multidrug efflux pump acrAB (52). Therefore, derepression of the transporter becomes a handicap for the bacterium in the gut lumen. The control of exchanges with the ileal environment is fundamental for L. casei establishment to capture a maximum of nutrients without unbalancing the bacterial cell content or permitting the entrance of toxic molecules.
Sugar Metabolism. Previous transcriptomic studies carried out in Lactobacillus plantarum and L. johnsonii while colonizing the gut showed an up-regulation of a large set of genes related to carbohydrate transport and metabolism, indicating a global recruitment of sugar-utilization enzymes for energy supply and a change in carbohydrate-utilization pathways to adapt to sugar limitation (15, 53, 54) . In L. plantarum, energy production from maltose, melibiose, and lactose is activated, as is the import of mannose and cellobiose in the cecum of monocolonized mice (54) . Our results are fully consistent with these data. Also, in B. thetaiotaomicron, the transcription of numerous genes implicated in polysaccharide degradation is activated in the gut to degrade glycans that the competitive flora (Bacteroides longum or L. casei) cannot to metabolize (55) . Symbionts thus adapt their profile of substrate utilization to the availability of these substrates in the ileal milieu and in response to the presence of other symbionts, suggesting the need to define the composition of the resident microbiota further in future studies.
Metabolism and Link with Stress/Oxidation. While initiating colonization, pathogens encounter potentially bactericidal components of the intestinal fluid (i.e., bile, lysozyme, trypsin) and also a strong host response, especially highly reactive oxidative stress molecules, and must respond accordingly to survive. However, it is not clear how much oxidative stress is imposed onto symbionts as they establish in the gut. This screening identified only one general stress protein and no gene encoding factors of the specific response to oxidative stress.
However, cysteine synthase is involved in establishment. Concerning sulfured amino acids, competition for nutrients and during the establishment of a commensal was described for B. thetaiotaomicron, particularly the need for vitamin B12 (17) , an essential cofactor for methionine biosynthesis for most bacterial species, although not for L. casei, according to our genome analysis. Cysteine also constitutes a pool of sulfured molecules implicated in redox regulation of the host intestine and of bacterial cells. The main tandem compounds that permit redox homeostasis are cysteine/cystine, glutathione/glutathione disulfide, and thioredoxin/thioredoxin disulfide (56) . Glutathione is synthesized from cysteine in epithelial cells and in some bacteria. L. casei is able to use it in complement to thioredoxin to control its redox balance but is unable to synthesize it (57). Because L. casei also is auxotrophic for cysteine, it is strongly dependent on the ileal content. Moreover, cysteine is known as the most limiting nonessential amino acid in human cells (58) . Thus, L. casei must compete with epithelial cells and the endogenous flora for cysteine and glutathione. Because mutants in genes involved in the redox balance, particularly thioreductases, were not affected, we hypothesize that during establishment L. casei needs cysteine for nutrition rather than for the maintenance of its redox balance. This notion is consistent with the evidence for nutritional competition, particularly for cysteine, observed between intracellular pathogens and their hosts (59) . Although it often involves essential amino acids, nutritional competition also can involve other amino acids, e.g., asparagine, which appears to be decisive for the virulence of Lactococcus garvieae (60) and Francisella tularensis (61) . Thus, asparagine could be another nutritional requirement for which L. casei must compete with its host.
Iron limitation is a major signal in the virulence of mucosal pathogens. In most pathogens Fur proteins act as central regulators for successful colonization and virulence. They control genes involved in iron homeostasis and protection against reactive oxygen species damage (62) in Shigella (63), Salmonella (64), Vibrio cholerae (65), Pseudomonas (66), Listeria (67), and Helicobacter pylori (68) . Therefore it is likely that L. casei is strongly challenged by iron-limiting conditions in the gut, particularly given the high levels of lactoferrin in intestinal secretions. It also is possible that the protein regulating Fe2 + /Zn2 + uptake (LSEI_2025) allows scavenging of other essential metals and provides L. casei protection against reactive oxygen species, although the latter benefit is unlikely because L. casei does not appear to activate oxidative stress defenses in the ileal context. Identification of copA (LSEI_1743), an ATPase predicted to be responsible for translocating copper, silver, and cadmium ions across biological membranes, emphasizes the importance of metal import. Accordingly, in Enterococcus hirae, copA supports bacterial survival in extremely low-copper environments (69) . In L. plantarum, copA expression was highly up-regulated in the conventional mouse gut, and a copA mutant showed decreased colonization capacity (70, 71) .
In conclusion, we identified 47 mutations affecting establishment that we organized into five functional groups: basic physiological processes (housekeeping), metabolism, cell wall biogenesis, environmental adaptation, and a remaining group of genes of unknown function. In summary, most genes linked to bacterial establishment are conserved among Firmicutes. In consequence, our library provides major information regarding the colonization potential of other Firmicutes. Regarding L. casei, we will better characterize the major pathways controlling bacterial establishment. We now are in a position to study the impact of controlled microbiota on the establishment of this model symbiont. Our annotated library also is available to study other phenotypes, particularly the identification of L. casei effectors involved in immune and metabolic functions in their colonized host.
Materials and Methods
Design of the L. casei Random Mutant Library. For STM, 70 DNA tags, previously used for Salmonella typhimurium STM (21) were individually cloned into the EcoRI site of pVI110 to generate 70 differently tagged transposable vectors ( Fig. S2 and Tables S3 and S4) . The tagged mutant library in L. casei was obtained using the P junc -TpaseIS 1223 system as recently described (20) and was ordered in pools of 70 mutants. After the transposon insertion sites were identified by by individual sequencing, mutants were reassembled to constitute a library of 1,110 gene mutants.
Screening for Bacterial Establishment. Each pool of mutants was challenged in rabbit ileal loops as previously described (25, 26) with the following modifications. In each loop, 0.5 mL of bacterial suspension was injected (5 × 10 7 cfu per loop). Challenges were carried out over 16 h. The whole intestinal loop was homogenized, diluted, and spread on agar plates to obtain isolated colonies and to proceed to DNA isolation. Quantitative PCR was used to measure the proportion of each tag corresponding to each mutant in injected and recovered pools. All mutants displaying at least a threefold decrease in quantity between injection and recovery were selected. Detailed experimental procedures are described in SI Text.
